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Microtubule-active agents affect the secretion of a variety of proteins, including collagenase. To gain insight into the mechanisms involved in this process, we examined the effects of colchicine on the synthesis, secretion, and activity of human skin collagenase. When added to monolayer 'cultures of human skin fibroblasts, 10-1; M colchicine produced a mean 3-fold increase in trypsinactivatable collagenase in the culture me.dium. Stimulation was not observed with lumicolchicine. The enhanced accumulation of collagenase was dose-dependent with 10-1), 10-8 , 10-\ and 10-6 M colchicine giving collagenase activities/mg protein that were 100 ± 6%, 165 ± 20%, 186 ± 34%, and 297 ± 62% of control, respectively. Although the effect on collagenase was seen under conditions independent of cellular growth (i.e., in serum-free medium), maximum stimulation occurred in sub confluent cultures. 'Phe colchicine-induced increase in activity was paralleled by an increase in immunoreactive enzyme protein, suggesting stimulation of enzyme synthesis. The catalytic efficiency of the enzyme (activity per unit immunoreactive protein) was unchanged, however, indicating that a structurally normal enzyme was being synthesized. To examine the process in more detail the 3 ' biosynthesis of H-Iabeled collagenase was quantitated in these cultures by specific immunoprecipitation. Although 10-1; M colchicine produced no increase in total protein synthesis, an increased rate of collagenase synthesis was seen after only 1.5 hr. These data suggest that colchicine has a specific effect on the synthesis of colla-Manuscript rece ived January 4, 1982 ; accepted for publication April 16, 1982. . This work was supported by USPHS grants AM 19537, AM 12129, TO genase and may be a useful probe for studying its regulation.
Human skin fibroblasts synth.esize and secrete collagenase as one of their major extracellular gene products [1] . This enzyme, which is the critical enzyme in the initiation of physiologic collagen degradation [2] , is also important for its presumed roles in the h ereditary blistering disorder, recessive dystrophic epidermolysis bullosa, and in the facilitation of soft tissue destruction in cutaneous neoplasia [3] . In each of these disorders, collagenase has been found to be present both in vivo [4] [5] [6] and in vitro [7] [8] [9] [10] [11] [12] in increased concentrations. Thus, in order to gain further insight into the cellular mechanisms leading to increased collagenase expression, i.e., enhanced synthesis and/or activity, we have investigated the effects of certain exogenous agents on this biochemical trait.
In this regard, agents which act on micro tubules-such as colchicine-are known to affect the synthesis and secretion of various proteins. However, the effects of this ru'ug are in no way uniform or predictable from system to system. For example, in calvarium explant cultures and in fibroblast cultures, colchicine leads to a marked decrease in secretion of procollagen which may be associated with diminished synthesis [13] [14] [15] [16] . Similal'ily, in chondrocyte cultures microtubule-active agents cause decreased secretion of proteoglycans [17] . In contrast, micromolru' concentrations of colchicine have been shown to stimulate plasminogen activator in Swiss 3T3 cells [18] and to enhance the release of collagenase in explant cultures of rheumatoid synovium [19] and in cultures of mouse peritoneal macrophages [20] . From these latter two studies it would seem that this drug would be an ideal agent for exploring mechanisms of collagenase stimulation in human skin fibroblasts .
METHODS

Fibroblast Cultures
Human skin fibroblast cultures were ini tiated from a 3-mm punch biopsy of normal volunteers after obtaining informed co nsent, or were purchased from the American Type Culture Co llection (Bethesda, Maryland). Cells were subcultivated at 37°C in Dulbecco's modified Eagle's medium-high glu cose + glutamine. This medium was supple-m en ted wi t h 0.03 M N -2-hydroxyethylpiperazine-N' -2-ethanesulfonic acid (He pes) buffer (pH 7.6), 15% feta l calf serum, and antibio tics (penicillin and strepto myc in, 200 U per ml and 200 ILg per ml, respect ively). Upon attaining the desired state of growth, the cells were washed 3 times with Hanks' balanced salt solu tion and placed in t he same medium without fetal calf serum (serum-free medium) containing varying amoun ts of colchicine for periods of up to 24 hr as described previously [21, 22] '
Co llagenase Activity
Co llagenase activity was measured in t he fibrob last cult ure medium as prev iously desc ribed [23] . Briefly, 100-~d portions of medium containing latent collagenase were proteolytically activated for 10 min at 25°C with a ra nge of trypsin concentrations to insure t hat maximum activity was measured. Tryptic activity was t hen stopped with a 5-fold e xcess of soy bean trypsin inhi bitor, and t he entire mixture was assayed at 37°C using native reconstituted guinea pig skin co llagen fibrils labeled with [,"C]-glyciJle [24] .
Imm.unol'ea.ctive Collagen ase
Immunoreactive collagenase protein was qu antitated using t he doub le-a ntibody radioimmunoassay previously reported [25] . The enzyme u sed for iodination and for developing the standard cW've was human s kin procollagenase pmified by the method of Stricklin et al [26] . This e nzy me preparation was also used to elicit functionally specific antiser um to the enzyme [27] .
Biosynthetic Studies
The biosynthesis of human skin co llage nase was carried out as described [1, 10] . Briefl y, monolayer cultures were labeled with serumfree medium containing ["H]-leucine. To qu antitate total newly synt hes ized proteins, medium and cells were harvested and precipitated with a fin al conce ntration of 10% trichloroacetic acid [1, 10] . Immunoreactive c ollagenase was precipitated from the medium and cells as described earlier [1,10l Two methods were used to assess the specificity of t his p rocess. First, "H-labeled mat~ria l which was immunoprecipitated from t he medium was solubilized by boiling in sodium dod ecyl sulfatepolyacrya lamid e ge l electrophoresis (SDS-PAGE) buffer a nd subj ected to SD -PAGE (see below). After drying, the ge l was exposed for flu orography. Second , as a .measure of t he specificity of precipitation, r eplica te sa mples of cul t ure medium or cell lysate were precipitated wi th antiserum to collagenase or with ovalbumin and antiovalbumin serum as a control precipitating system (1). S pec ific collagenase was taken as t hat amount of radioactivity precipi tated by specific anticollagenase antiserum minus that precipitated in t he ovalbumin-antiova lbumin system [1] .
Othel' Assa.ys
Analytical SDS-PAGE of the washed immunoprecipitates was carried out as fo llows. The washed immunoprecipitates were dissolved in 25-100 ILl of sample buffer conta ining 0.065 M Tris-HCl (pH 6.8), 8 M urea, 3% SDS and 2% ,B-mercaptoethanol for ge l electrophoresis. The precipita tes were dissolved in a boiling water bath for 5 min. The sampl es were applied to a discontinuous SDS slab gel (1 mm thick) made according to King and Laemmli [28] with 10% acrylamide and 0.27% N,N'-methylenebisacry lamide in the separating gel. Electrophoresis was carried out at 70 mA/ mm slab t hickness. The different gel s labs were either stained with Coomassie Brillia nt Blue or processed for tluorograph y. For fluoro graphy, the slab gels were equilibrated with dimethylsulfoxide, immersed in 20% 2,5-diph enyloxazole in dimethyls ulfoxide for 3 111', rinsed in distilled water for 20 hr, and dJ'ied under vacuum. The dried ge ls were exposed to Kodak XH-5 X-Omat H film . P ro te in was measured by the method of Lowry et al [29] . DNA was d eterm ined in the cell layer [30] .
RESULTS
We fU'st examined the effect of a ddin g vaJ'ying con centrat ions of colchicine to the serum-free culture medium. As shown in Fig 1, the a ddition of 1O-!J to 10 -ij M co ncentrations of colchicine produced a progressive stimulation of collage n ase activity released into the cultUl"e medium, so that at 10-6 M there was an approximate 3-fold stimulation in collagenase expression . The specificity of this effect was assessed b y d e termining the res ponse of the cells to colchicine as compared to their r esponse to the biologically inert photoisomer, lumicolchicine (Table I) . In this case, under conditions that gave a bout a 3-fold increase in collagenase activity, lumico lchicine produced a n egligible response in term of collagen ase activity found in the cul tme medium.
As noted for Fig 1, substantial variability was observed in t h e response of the various cultures to any given con centration of colchicin e. Thjs was true no t o nly among val"ious cell str a ins but also was observed within the sam e cell strain in differ e n t experiments. These findings suggested that each cell str ain migh t manifest a differential usceptibility to colchicine stimulation . S ince our previous studies had shown that cultme density itself affected collagenase synthesis [21] , we reasoned t h at t h e effect of colchicine might b e modulated b y t he stage of culture growth. As d epicted in Fig 2, despite the fact t h at t h ese cul t m es were exposed to colchicine only under conditions ind ependent of cell growth (i.e., in serum-free medium) , their response to t his drug was found to b e dependen t on the d egree of confluence of th e monolayer. Cultmes t h at were in a subconflu en t state of growth prior to be ing placed in serum-free, colchicine-con taining medium wer e the most responsive (e.g., Z 260 - D1 and D3). In contrast, cells that had reached full confluence were much less responsive in displaying increased expression of collagenase (e.g., D5).
We next examined the possible mechanisms for the colchicine-induced stimulation of collagenase expression. Since human skin pro collagenase exists in the culture medium in latent form and requires proteolytic activation [23, 26] , for each experiment, we per-formed a trypsin-activation titration. As shown in one such titration (Fig 3) , in the absence of colchicine in the culture medium, maximum activity was observed with 0.2 Mg of trypsin, whereas in the colchicine-containing culture medium, maximum activity was seen with 0.5 Mg of trypsin. These findings, coupled with the fact that there was no stimulation of activity in the complete absence of trypsin, suggest that the medium in this case contained 2-2.5 times as much latent enzyme protein requiring activation as the control culture medium. Furthermore, the effect of colchicine on activity was specifically dependent upon including colchicine in the culture medium with the cells; direct addition of the drug to t h e collagenase assay produced no stimulation of catalysis.
In a second series of experiments, the effect of colchicine on both collagenase activity and immunoreactive protein was examined. As shown in Table II , in each case the colchicineinduced stim ulation of collagenase 'activity was directly paralleled by an increase in immunoreactive enzyme protein. This resulted in no change in th e catalytic efficiency (activity per unit immunoreactive protein) of the enzyme. Thus it seemed unlikely that the colchicine was in any way causing the cells to synth esize a structurally different co llagenase. Furthermore, these results strongly suggested that the mechanism for colchicine action was increased synth esis of enzyme protein. " Confluent 75-cm~ culture tlasks 0 (' norm al fibroblasts were placed in serum-free medium for 24 hr. /, Co llage nase activity is expressed as total cpm [,"C)-collagen solubilized per mg cell protein during a 5-hJ' assay at 37°C.
" Immunoreactive collagenase was quantitated by radioimmunoassay and is ex pressed at tota l ng per cu I tUTe pel' mg cell protein.
" Catalytic efficiency, activity per unit immunoreactive protein.
To exp lore this possibility further, we examined the effect of colchicine on the biosynthesis of pl'ocollagenase. Fig 4 shows a fluorograph of newly synthesized :JH-labeJed procollagenase immunoprecipitated from colchicine-containing culture medjum using specific antiserum to collage nase. Two species of procollagenase having molecular weights of approxin1ately 60,-000 and 55,000 were synthesized, a finding identical to that seen previously under normal biosynthetic co ndi t ions [1] . In the control precipitate containing ovalbumin and antiovalbumin, no djstinct labeled proteins could be seen, indicating the high degree of specificity of this method for assaying the synthesis of collagenase. 60,000,,-55,000""'-Front- FIG 4. Fluorographs of SDS-PAGE patterns after immunoprecipi-(,ation from fibroblast (;ul ture medium. T he left gel depicts the pattern of immunoreactive collagei1ase protein precipitated fro m colchicinecontaining medium using antiserum to human skin collagenase. The right gel shows the pattern obtained with the ovalbumin-antiovalbumin control precipitating system. The 60,000 and 55,000 po itions mark the migration of authentic purified human skin procollage nase forms.
Using this system, th e kinetics of th e effect of colchicine on collagenase expression were characterized ( Fig 5) . Compared to t h e rate of collagenase synt hesis in t he absence of the drug ( Fig  5A ) , t he addition of 10-6 M colchicine to the cultW'e m edium resulted in an a pproximate 2-fold increase in t he rate of synt hesis ( Fig 5B) . This effect could be seen within 1.5 11.1' of expOSUl'e to colchicine as m a nifested by a marked increase in t he slope of the Clll've of secretion . Ou)' previolls studies have s hown that once the intracellular 3H -la beled collagenase pool }'eaches a constant level, the rate of secretion is reflective of de novo synt h esis [1] . This increase in enzyme synt hesis occurred without a demonstrable cha nge in t he rate of total protein synt hesis under the same conditions. In t his case, total newly synth esized proteins (i.e., in the m edium + cells) were t h e same in the absence ( Fig 5C) and presence ( Fig 5D) of colchicine, s uggesting that t he effect of colchicine on collagenase may be s pecific.
DISCUSSION
In t he present study we have shown that t he microtubuledisruptive agent, colchicine, enha nced-in a dose-depe nde nt fashion-the expression of collagenase in cultures of normal huma n s kin fibroblasts. S uch a finding could in th eory be attribu ted to increased enzyme synt hesis, to a n altered catalytic state of the enzy me, or to diminished degradation of t h e enzyme, as originally suggested by Harris a nd Krane [19] in th e synovial explant system. However, investigations bot h of th e catalytic effi ciency of t he enzy me (Ta ble II) and of the biosyn- t hesis of th e enzyme ( Fig 5) suggest that th e primru'y mechanism involved was stimulation of collagenase syn thesis. Ful'th ennore, compru'ed to t h e striking failUl'e to affect general protein synt h esis ( Fig 5) , colchicine displayed a notewort hy degree of specificity on collagenase expression. Indeed, in biosynthetic experin1ents (Fig 5) , after a 6-11. 1' exposure to 10-6 M colchicine, total collagenase syn t hesis (medium + cells) represented approximately 0.75% of t he newly synth esized proteins in t he a bsence of colchicine but accounted for 1.25% of total proteins syn t hesized in t h e presence of this drug.
Alt hough indirect, t h e evidence suggests that the colchicineinduced modulation of collagenase synthesis was related to its effects on microtubllles. I n this regard, only colchicine-not its photoisomer, lumicolchicine-produced a stimulatory effect on collagenase (Table I) , a finding t h at correlates with t he relative capacities .of th ese two drugs to bind to tubulin [31] . Indeed, t he capacity of colchicine to bind specifically to tubulin has resulted in its widespread use as a diagnostic tool for t h e pruticipation of microtubules in various cellulru' processes [32] .
One intriguing, but as yet not fully explai ned, aspect of these studies was th e observation that subconfluent fibroblast cult ures were most r esponsive to th e effects of colchicine (Fig 2) . It is essential to emphasize th at these experin1ents were performed under conditions independent of cell division; i.e., the cultUl'es were maintained only in serum-free medium, a condition t hat does not support cell multiplication. In addition, cells a rrested in metaphase were not seen. T hus it is unlikely t hat t he colchicine-induced modulation of collagenase could be at-tributed to an effect of th e drug on cell division. N evertheless, these studies do not exclude the possibility that th e drug might have, in a sense, "trapped" fibroblasts in a phase of the cell cycle during which collagenase synthesis was enh anced. Our cunent meth ods do not perrrut us to address this possibility, and it is likely that th e question will be answered only by cell synchronization experiments.
Biologically these studies imply that microtubules in general, or possibly several populations of microtubules, behave differently depending upon the cell product in question. For example, th e secretion of certain structural macromolecules, such as coUagen [13] [14] [15] [16] and proteoglycans [17] , is blocked by colchicine. In contrast, similar mesenchymal tissues [19] and cells [20] respond to identical concentrations of colchicine by increasing the synth esis of collagenase. S uch a pamdox is n ot easily resolved without postulating the existence (a) of two or more populations of cells, (b) of multiple populations (or types) of microtubules, or (c) of a functional modulation possibly involving microtubule-associated proteins [32] . Irrespective of wheth er any of th ese is the case, th e capacity of a microtubuleactive drug to stimulate collagenase synth esis could serve as a useful probe to the role of microtubules in diseases involving this enzym e.
